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A SPURIOUS RATIO CONTROL CIRCUIT FOR USE WITH FEED - FORWARD 

LINEAR AMPLIFIERS 

CROSS-REFERENCE TO RELATED APPLICATION 

[0001] This application claims the benefit of U.S. Patent 
5 Application No. 60,325,627, filed September 28, 2001, the 
contents of which are hereby incorporated by reference. 

W BACKGROUND OF THE INVENTION 

j If - 

jj! [0002] The present invention relates to electronic 

m 

communication systems, and more particularly to systems in which 

p. 

10.. multiple signals are simultaneously transmitted at varying power 

Q levels. 

Ill 

>J3 [0003] In electronic communication systems, it is often 
M necessary that groups of information signals be amplified and 
transmitted simultaneously. For example, a cellular radio base 

15 station transmitter typically transmits signals to many active 
receiving mobile stations within a single geographic cell. The 
signals typically appear at multiple predetermined frequencies 
in such multi-carrier signals. Similarly, a satellite 
communications transponder amplifies and transmits large number 

2 0 of information signals destined for various participating remote 
stations. Because such systems customarily employ a frequency 
division multiple access (FDMA) scheme, in which information 
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signals are modulated on signal carriers occupying several 
frequency channels within an allocated frequency band, care must 
be taken to avoid inter-channel interference which may corrupt 
signal transmissions . 
5 [0004] One possible source of such cross-channel interference 
is known as intermodulation distortion (IMD) , which may result 
when two or more signals of different frequencies are mixed, 
p For example, if two carriers of different frequencies are 

!|I amplified using a non-linear amplifier, spurious outputs occur 

mx 

1081 at the sum and difference of integer multiples of the original 

: { 

carrier frequencies. 

I ■ 

[0005] As described in detail below, third order 

|™ intermodulation products resulting from two relatively strong 

G 

0 K signals may disrupt transmission of a third relatively weak 
15 signal being transmitted on a carrier having a frequency equal 
to the frequency of the intermodulation product. 

[0006] Various solutions have been proposed for improving 
linearity and reducing inter-channel effects in multi-carrier 
amplifiers. One such solution is the feed-forward amplifier 
20 circuit. in the feed-forward amplifier two loops are used to 
cancel distortion. In a first loop, a portion of the signals at 
the input to the amplifier are fed forward and, following 
suitable amplitude and phase adjustment, are subtracted from the 
amplifier output to generate an error signal. The error signal 
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is proportional to distortion components of the output. The 
first loop that generates the error signal is known as the 
signal-cancellation loop. The error signal is then amplified, 
phase-adjusted and subtracted from the amplifier output to give 

5 a corrected signal output with reduced distortion effects. This 
portion of the circuit is known as the error-cancellation loop. 
[0007] In one design, a "pilot tone" is introduced to the 

% first loop of the feed- forward amplifier (i.e. signal 
cancellation loop) . Then, the amplitude and phase adjustments 

i ~i£ 

lOgp in the error cancellation loops are performed by varying the 
amplitude and phase until a desired output is obtained. The 

a 

H 5 adjustments made in this manner, however, are inherently 
^ narrowband and give optimal amplifier performance only at a 
W certain frequency. 
15 [0008] Other possible approaches - to multi-channel 
linearization are described in U.S. Pat. No. 5,077,532, in which 
a microprocessor adjusts the feed-forward circuits, based on 
spectral analysis of the amplifier output signal; and in U.S. 
Pat. No. 5,455,537, in which a broadband pilot signal is used. 
20 An article by Parsons, et al . , entitled "A Highly-Efficient 
Linear Amplifier for Satellite and Cellular Applications," in 
IEEE Globecom, Vol. 1 (December 1995), pp. 203-207, suggests 
combining analog predistortion with feed-forward linearization. 
PCT patent publication WO98/12800 describes an RF power 
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amplifier that combines feed-forward correction with adaptive 
digital predistortion . An RF signal output by the power 
amplifier is down-converted and sampled, and the average power 
of this signal is used as an input to a look-up table, so as to 
5 vary the values of complex gain applied to the input signal to 
the amplifier and to a feed-forward error signal. 

[0009] Accordingly, it would be desirable to provide other 
% techniques which reduce intermodulation distortion to, for 
m example, compensate for non-linearities introduced by power 
10(3 amplifiers in multi-carrier environments. 

« [0010] Those having skill in the art would understand the 

• M 

w desirability of having a spurious ratio circuit for use with 
|;f feed-forward linear amplifiers. This type of spurious ratio 

-sr-rl 

circuit for use with feed-forward linear amplifiers would 
15 necessarily tend to more completely cancel in-band distortion, 
thus allowing the linearity of the amplifier to be improved. 

SUMMARY OF THE INVENTION 

[0011] The present invention therefore provides a spurious 
ratio controlled linear feed-forward amplifier comprising a 
20 linear feed-forward amplifier having a first monitoring point 
coupled to a first loop, and a second monitoring point coupled 
to the linear feed-forward amplifier output is provided. A 
control system having a first input coupled to the first 
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monitoring point, a second input coupled to the second 
monitoring point, a third input coupled to a source of frequency 
information, and a control output coupled to a control input of 
the error-cancellation loop of the linear feed-forward 
5 amplifier. 

[0012] In accordance with another aspect of the present 
invention a spurious ratio controlled feed-forward amplifier 
fi comprising a signal source producing a multi-carrier input 

U! signal, an input sampling coupler having an input coupled to an 

111 

103! output of the signal source, a first phase and gain adjusting 
r ;b circuit having an input terminal coupled to an output of the 

^ input sampling coupler, a main amplifying device having an input 

11! 

terminal coupled to an output of the phase and gain adjusting 

Q 

circuit and an output terminal at which an amplified signal is 
15 provided. Wherein, the amplified signal comprises an amplified 
input signal component and a spurious signal component. 
[0013] A distortion sampling coupler having an input coupled 
to the output terminal of the main amplifier, a first delay line 
having an input port coupled to an output of the input sampling 
20 coupler, a summing coupler having an input coupled to an output 
of the first delay line, and an injection port coupled to a 
forward port of the distortion sampling coupler is provided. A 
first monitoring coupler having an input connected to the output 
of the summing coupler and a coupled port forming the first 
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monitoring point is provided. A second delay line having an 
input coupled to the distortion sampling coupler output, and 
providing a delayed amplified signal at the error signal 
injection coupler input and a second monitoring coupler having 
5 an input coupled to an output of the error signal injection 
coupler are provided. 

[0014] A second phase and gain adjusting circuit having an 
Q input coupled to the output of the summing coupler and an error 
ill amplifier having an input coupled to an output of the second 
lOffll phase and gain adjusting circuit, and an error amplifier output 

ri 

^ coupled to a coupled port of the error signal injection coupler 

J! are provided. A control system having a first input coupled to 

ill 

the first monitoring point, a second input coupled to the second 
^ monitoring point, a third input coupled to a frequency 
15 information output of the signal source, and a control output 
coupled to the control input of the second gain and phase 
adjusting circuit is also provided. 

[0015] In accordance with still another aspect of the present 
invention, a method of adjusting a linear feed-forward 
20 amplifier, the method comprising, monitoring a first spurious 
component at a first monitoring point by a control system, 
monitoring a second spurious component at a second monitoring 
point by the control system, comparing the levels of the second 
spurious component to the first spurious component to form a 
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ratio, and adjusting the feed-forward linear amplifier through a 
control output of the control system is provided. Whereby, the 
ratio of the second spurious component to the first spurious 
component is minimized, thus optimizing the adjustment of the 
5 error-canceling loop. 

[0016] In accordance with a further aspect of the present 
invention a method of adjusting the predistorter of a feed- 

O forward amplifier having a first monitoring point coupled to the 

m 

;j: predistorter output, a second monitoring point coupled to the 
10% output of the first loop, a control system having a first input 
„ coupled to the first monitoring point, a second input coupled to 
Q the second monitoring point, a third input coupled to a source 

i 

B! 

'%% of frequency information, and its control outputs coupled to the 
H control inputs of the feed-forward linear amplifier. The method 

15 comprises monitoring a first spurious component at the first 
monitoring point by the control circuit, monitoring a second 
spurious component at the second monitoring point by the control 
circuit, comparing the levels of the second spurious component 
to the first spurious component in the control circuit to form a 

20 ratio, and adjusting the control inputs of the feed-forward 
linear amplifier so that the ratio of the spurious component of 
the second spurious component to the first spurious component is 
minimized, thus optimizing the adjustment of the predistorter. 
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[0017] Many of the attendant features of this invention will 
be more readily appreciated as the same becomes better 
understood by reference to the following detailed description 
considered in connection with the accompanying drawings. 
5 DESCRIPTION OF THE DRAWINGS 

These and other features and advantages of the present 
invention will be better understood from the following detailed 

M 

Cl description read in light of the accompanying drawings, wherein: 

o 

m FIG. 1 is a block diagram of a conventional feed-forward 

10% amplifier; 

M= 

FIG. 2 is a first embodiment of a feed-forward amplifier 

p system having a control system including a spurious ratio 

111 

=|J circuit; 

H 8 FIG. 3 is an alternative embodiment of a feed-forward 

15 amplifier incorporating a predistorter and having a spurious 
ratio circuit with sampling at the main — amplif ior p redistorter 
output; 

FIG. 4 is a flow diagram of an embodiment of a method of 
controlling a feed-forward amplifier utilizing a spurious ratio; 
20 FIG. 5 is a block diagram of a control system having a 

spurious ratio circuit; 

FIG. 6 is a block diagram of a second embodiment of a feed 
forward amplifier with spurious ratio detector, including a 
switch to periodically sample monitoring points A, B and C; 
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FIG. 7 is a block diagram of a third embodiment of a feed 

forward amplifier including a spurious ratio detector with a 

single receiver and a three way switch to periodically sample 

monitoring points A, B and C; 

5 

FIG. 8 is a block diagram of a ratio detector; 

FIG. 9 is a block diagram of a first programmable phase and 

M 

£3 gain adjusting circuit; 

|j FIG. 10 is a block diagram of a second programmable phase 

10^ and gain adjusting circuit. 

u 

; s Like reference numerals are used to designate like parts in 

p the accompanying drawings. 

ill 

Q DETAILED DESCRIPTION OF THE INVENTION 

[0018] The detailed description provided below in connection 

15 with the appended drawings is intended as a description of the 
present embodiments of the invention and is not intended to 
represent the only forms in which the present invention may be 
constructed or utilized. The description sets forth the 
functions of the invention and the sequence of steps for 

20 constructing and operating the invention in connection with the 
illustrated embodiments. However, the same or equivalent 
functions and sequences may be accomplished by different 
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embodiments that are also intended to be encompassed within the 
spirit and scope of the invention. 

[0019] Although the present invention is described and 
illustrated herein as being implemented in a cellular telephone 
5 system, the system described is provided as an example and not a 
limitation. As those skilled in the art will appreciate, the 
present invention is suitable for application in a variety of 
O different types of amplifier systems. 

m [0020] FIG. 1 is a block diagram of a conventional feed- 
10 * forward linear amplifier. An input signal is applied to 

u 

coupler 100a which, couples portions of the input signal to delay 

q line 140 and to main amplifier 110. Main amplifier 110 produces 

111 

;|j an amplified output having intermodulation products generated 
M due to non-linearities in main amplifier 110. A portion of the 

15 amplified output signal is coupled to summer 150 by coupler 
100b. Delay line 140 delays the input signal with respect to the 
output of the amplifier 110 producing a delayed signal such that 
the two signals reach summer 150 at approximately the same time, 
but reversed in phase. 

20 [0021] The output of summer 150 is an error signal which is 
coupled to auxiliary amplifier 160. Auxiliary amplifier 160 
increases the amplitude of the error signal producing an error 
correction signal. The error correction signal should be 
matched in amplitude to the intermodulation products (i.e. 
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spurious component) generated by main amplifier 110 and delay 
line 141, but reversed in phase. The resultant vector 

cancellation of the intermodulation products is performed in 
coupler 100c where the error correction signal is subtracted 
from the amplified input signal. The vector cancellation must 
be performed with a high degree of accuracy. If the error 
correction signal is matched in amplitude and phase to the 
intermodulation products, the error correction signal can 
completely cancel the intermodulation products of the main 
amplifier. However, even with the high-precision components 
used in the amplifier, the error signal in reality cannot 
completely cancel the spurious component generated by main 
amplifier 110. In general, complete cancellation requires that 
the error correction signal be maintained with greater than 0.5 
degrees phase accuracy and 0.1 dB amplitude accuracy which is 
difficult to achieve in production. 

[0022] The feed-forward technique can be used in a multi- 
carrier power amplifier to effectively suppress intermodulation 
products, but at the cost of lower power efficiency and a high 
demand on complexity and component cost. in particular, high 
power multi-carrier power amplifiers are difficult to master in 
production. 

[0023] FIG. 2 is a first embodiment of a feed- forward 
amplifier system having a control system 400 including a 

11 
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spurious ratio circuit 256. The spurious ratio circuit 256 is 
coupled to a feed-forward amplifier 257, such as a feed- forward 
power amplifier, at two monitoring points. The feed-forward 
amplifier has two monitoring points at A and B. The control 
system 400 produces an output that is coupled to phase and gain 
adjustment circuits in the feed-forward amplifier. Frequency 
information derived from an input signal source 251 is coupled 
to the spurious detection circuit 254. 

[0024] Prior knowledge of the frequencies being transmitted 
is utilized by the spurious detection circuit to measure 
distortion. In many communication systems such as cellular 
telephone systems, for example, the frequencies being amplified 
and subsequently transmitted are known. Transmitting frequency 
information is typically available from a bank of synthesizers, 
and is often available over a control bus. Exemplary control 
buses include RS232, RS485, TCP/IP, and I2C. The knowledge of 
transmitted frequencies may be used in conjunction with an 
amplifier control system described below in a manner that tends 
to reduce distortion. Equivalently, knowledge of transmitted 
frequencies may be obtained from input signal presets, or by a 
scanning circuit coupled to the amplifier input to determine 
which frequencies are present. 

[0025] A conventionally modulated input signal 2 50, typically 
including multiple carriers, is coupled to an input, I, of a 
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conventionally constructed input sampling coupler 200a. Forward 
sampled port F of the input sampling coupler 200a is coupled to 
an input of a conventionally constructed first phase and gain 
adjusting circuit 220. An output of the first phase and gain 
5 adjusting circuit is coupled to an input of a conventionally 
constructed main amplifier 210. 

[0026] Main amplifier 210 typically creates intermodulation 
O distortion 2 61 and harmonic distortion (not shown) . The 

ffl exemplary intermodulation distortion is produced from the two 

. flJ 

10 Ji: tones shown in the exemplary input signal 250. In a multi 

w 

; • 

carrier transmission system the intermodulation distortion 
n typically falls within the band of transmission and can not be 

m 

\Q satisfactorily filtered out. Harmonic distortion typically falls 
H out of band and may be filtered out. Thus, it is desirable to 
15 utilize methods such as that of the present invention to reduce 
intermodulation distortion. 

[0027] The exemplary input signal 250 shown is coupled to the 
main amplifier 210, through the two previous circuits 200a, 220, 
and is typically free of distortion and contains two signals 
20 located at two frequencies. Prior to application to the main 
amplifier 210 the input signal is phase-adjusted and gain 
attenuated, utilizing conventional techniques known to those 
skilled in the art, by the phase and gain controller 220. A 
control signal input to the phase and gain controller 220 is 
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coupled to the control system 400 (not shown) . Main amplifier 
210 generates an amplified output of the two input signals, and 
produces distortion, that typically includes two third order 
intermodulation spurious components Scl and Sc2 . 

[0028] The output of the main amplifier is coupled to the 
input, I , of a conventionally constructed distortion sampling 
coupler 200b. Output, O, of the distortion sampling coupler 200b 
is coupled to an input of a conventionally constructed second 
j|j delay line 241. An output of the second delay line 241 is 
10 q coupled to an input, I, of a conventionally constructed error 
* signal injection coupler 231. An output, O, of the error signal 
O injection coupler 231 is coupled to an input, I of a 
JI conventionally constructed second monitoring coupler 238. An 
I"* output O of second monitoring coupler 238 is the feed- forward 
15 amplifier 300 output. 

[0029] Returning to the input, the input sampling coupler 
200a couples a sample of the input signal to the first coupler 
forward port F. The input sampling coupler output port, O, is 
coupled to a first port of a conventionally constructed first 
20 delay line 240. A second terminal of the first delay line 240 is 
coupled to an input, I, of a conventionally constructed summing 
coupler 50. A reverse coupled port (injection port), R, of the 
summing coupler 50 is coupled to a forward coupled port, F, of 
the distortion sampling coupler 200b. An output, o, of summing 

14 
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coupler 50 is coupled to an input of conventionally constructed 
first monitoring coupler 23 6. The output, 0 of first monitoring 
coupler 236 is coupled is connected to an input of a 
conventionally constructed second phase and gain adjustment 
5 circuit 221. 

[0030] An output of the second phase and gain adjusting 
circuit 221 is coupled to an input of a conventionally 
p constructed error amplifier 260. An output of error amplifier 

if! 2 60 is coupled to a reverse (injection) port, R, of the error 

Hi I 

10 SI signal injection coupler 231. 

[0031] A forward coupled port, F, of the first monitoring 
coupler 236 forms a first monitoring point A. A forward coupled 

rfi; 

.jl port, F, of the second monitoring coupler 238 forms the second 
^monitoring point B. A control system 400 having a first input 

15 401 and a second input 402 is coupled to monitoring points A and 
B respectively. A control output 206 of control system 400 (the 
control output 2 06 originating from the spurious detection 
circuit 254) is coupled to the phase and gain adjusting circuit 
221. The conventionally constructed signal source 251 typically 

20 includes a frequency information output 255 that is coupled to a 
frequency control input 256 of the control system 400. 
[0032] Couplers 200a, 200b, 231, 238, 236 and 50 have been 
described as directional couplers. However, those skilled in the 
art will realize that circuits such as ninety-degree hybrids, 
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in-phase signal splitters and the like may be used to perform an 
equivalent function, 

[0033] In the first, signal cancellation loop, summing 
coupler 50 subtracts a delayed and undistorted input signal 250, 
5 typically including multiple carriers, from a portion of a 
distorted amplified input signal 261, to produce a difference 
_ signal, typically called an error signal 259 having 
g intermodulation distortion (IMD) products (Sal, Sa2), with the 
]|j carrier s tending to be cancelled. The distortion components in 
10 q the error signal Sal, Sa2 are located at the same frequency as 
« distortion components Scl and Sc2 of amplified input signal 2 61. 
Q The amplitudes of the distortion components Sal, Sa2 in the 
J ; j error signal 2 59 are proportional to the amplitudes of 
distortion products Scl and Sc2 of the amplified input signal 
15 261. 

[0034] m the second loop, the error signal 259 is phase and 
gain adjusted by phase and gain controller 221 and applied to 
the error amplifier 260 to produce an amplified error signal in 
which the distortion components have amplitudes comparable to 
20 those of distortion products Scl and Sc2 of the amplified input 
signal . 

[0035] The amplified error signal is coupled to a reverse 
port, R, of an error signal injection coupler (or equivalently, 
a summer) 231 in order to cause cancellation of the spurious 

16 
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components of the amplified input signal 2 61 that has been 
delayed by a second delay line 241. The error correction signal 
applied to port R of error signal injection coupler 231 is 
adjusted such that they are matched in amplitude, but reversed 
5 in phase, as compared to the spurious components of the 
amplified input signals generated by main amplifier 210. 
Amplitude matching and phase reversal of the error correction 
Q signals tends to cancel the spurious components at the feed 
H forward amplifier output (port 0 of error signal injection 
10 ! |j coupler 231) . 

• s [0036] The phase of the error signal applied to port R of 

£3 error signal injection coupler 231 should be 180 degrees offset 

hi 

,n from the phase of the delayed signal output from the main 
H= amplifier that is coupled to port I of the error signal 

15 injection coupler 231. Also, the amplitudes should be 
substantially equal. However, it is often difficult to obtain 
complete cancellation of the distortion, the output signal of 
the feed-forward amplifier 252, often contains a small residual 
of the two spurious signals Scl and Sc2 . The residual spurious 

2 0 components typically remain after vector cancellation of the 
spurious components is performed in error signal injection 
coupler, (or summer) 231, where the amplified error signal is 
added to the amplified input signal. Furthermore, in some 
cases, the spurious components of the amplified input signal not 

17 



UTILITY PATENT 
Docket No. 23608-0701 

only contain the intermodulation products of the input signals, 
but also noise generated by main amplifier 210. 

[0037] in the first embodiment of the invention a ratio of 
spurious signals is utilized for second loop control. Loop 
control utilizing a ratio of spurious energy tends to be most 
useful with input signals having dynamic power changes. Control 
signals generated by the ratio of spurious energy signals are 
;| typically utilized to control the second loop. The first loop 
llj is typically controlled by conventional methods known to those 
10 p skilled in the art. A control system 400, and circuitry 
* < contained in it 254 is coupled to the feed-forward amplifier, at 
CI two separate monitoring points, A and B. The control system is 

| 2{| 

*j| utilized to monitor the spurious components of the signals 
present at desired points in the feed-forward amplifier 300. 

15 Based on the ratio of the levels of spurious components present 
in the signals at monitoring points A and B, the control system 
400 provides control signals 2 06 to control the second loop 
control present in the second phase and gain adjusting circuit 
221. By monitoring the spurious components of the signals at 

20 points A and B, the ratios of the levels of spurious components 
of the two signals at monitoring points A and B is determined 
utilizing typical conventional circuit design techniques. 
[0038] Knowledge of the instantaneous ratios of the levels of 
the signals present at the monitoring points A and B is 
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obtained, typically by coupling samples of the desired signals. 
The control system 400 of the amplifier optimizes the transfer 
characteristics of the second, or error correction loop, 
utilizing control signals derived from the instantaneous ratios. 
Optimization tends to minimize the ratio of the spurious signals 
measured at the output 252 of the entire feed-forward linear 
amplifier (proportional to sampled signals Sbl, Sb2 ) to the 
Q spurious components measured at the output of the signal- 
m cancellation loop (proportional to the sampled signals Sal, 
10gSa2). By minimizing the ratios of the levels of the distortion 

si 

k components rather than seeking to absolutely minimize the 

q distortion components measured at the amplifier output 252, the 

ill 

, ; || controller is better able to reduce distortion when the feed- 
is* forward amplifier is coupled to dynamically-varying signals. The 
15 ratio calculated is proportional to the cancellation in the 
error-correction loop, which in a linear feed-forward amplifier 
tends to be independent of changes in input signal level. 
[0039] FIG. 3 is an alternative embodiment of a feed-forward 
amplifier incorporating a predistorter and having a spurious 
20 ratio circuit with sampling at the main amplifier output 252. 
In the alternative embodiment shown the first loop 170 including 
the conventionally constructed predistortion circuit 305 that 
has been added, are controlled by conventional methods known to 
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those skilled in this art, and the second loop 180 is controlled 
by the spurious ratio, as previously described. 

[0040] In the embodiment shown, the conventionally 
constructed predistortion circuit 305, accepts a control signal 
5 3 06, generated by the spurious detection circuits 257 and 254 
coupled to the control system 400, to adaptively control the 
amount of predistortion applied to main amplifier 210. The 
J predistortion circuit 305 is typically coupled to the first loop 
||j after the phase and gain controller 320, and prior to the main 
10 O amplifier 210. However, those skilled in the art will 

^ appreciate that the predistortion unit may, equivalently be 
;g placed at various locations prior to the main amplifier. The 
g phase and gain adjustment of the first loop is provided by the 

L.J; 

r ' phase and gain circuit 220. Phase and gain adjusting circuit 
15 220 is controlled by conventionally generated control signals 
(not shown) from the control system 400. 

[0041] Predistortion unit 3 05 generates a distortion signal 
to compensate for non-linear distortion produced by the main 
amplifier 210. Because the amplifier characteristics change 
20 over time and in response to changing operating conditions, 
predistortion can be applied adaptively in response to control 
output signals 206 received from the control system 400. In the 
alternative embodiment of the present invention, the control 
system 400 of the linear feed-forward amplifier 300 controls the 
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predistortion unit 305, utilizing conventionally constructed 
control circuitry 400 known to those skilled in the art, for 
generating an optimized predistortion signal that typically 
tends to compensate for the non-linearities of the main 
amplifier 210. 

[0042] Control signals 206 and 306 are derived from 
monitoring distortion levels present at various monitoring 
points in the feed-forward amplifier circuit, and subsequently 
comparing the ratios of these distortion levels in the spurious 
detection circuits 257, 254 of the control system 400. As 
shown, the spurious detection circuits 257, 254 of the control 
system 400 monitor the distortion at points A, B and C of the 
amplifier. The control signals generated by the spurious 
detection circuits 257, 254 and coupled through the control 
system 400 to the first loop predistortion circuit 306 and the 
second loop phase and gain adjusting circuit 221 tend to 
optimize the performance of the predistorter and the error- 
cancellation loop 180 of the amplifier. 

[0043] In a manner similar to that used to adjust the 

amplifier shown in FIG. 2, the control system monitors the 
output of the entire feed-forward amplifier as before at point A 
and point B. 

[0044] However, with the addition of the predistortion 
circuit, the control system monitors the output of predistortion 
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unit 305 at monitoring point C, by the addition of a coupler 308 
having an input I coupled to the predistorter 3 05 output and a 
coupler output 0 coupled to the main amplifier 210 input. 
Monitoring point C is coupled to the forward port F of coupler 
5 308. Monitoring point C is monitored for the purpose of 
determining the signal strength of the spurious component (i.e. 
Sc) , as measured at the output of the predistortion circuit. 
jJ [0045] The spurious outputs of the main amplifier 210 are 
JJj similarly measured at points A and B as previously described. 
10g The cancellation of the error-canceling, or second, loop can be 
determined by the ratio of the distortion at B with respect to 
A, while the optimization of the predistorter can be determined 

S by the ratio of the distortion at A with respect to C. 

HP 

lfA [° 04 6] The control system 400, utilizing the ratio data 
15 obtained from spurious detection circuits 257 and 254 will then 
generate, utilizing methods known to those skilled in the art, a 
control output 206 which is applied to the gain and phase 
control input of gain and phase adjusting circuit 221. Control 
output 206 controls the error correction loop (second loop) of 
20 the amplifiers in such a way as to optimize its cancellation by 
minimizing the ratios of spurious energy between B and A. In 
addition, the predistortion unit 305 is controlled by control 
output 306 so as to minimize the ratio of spurious energy 
between A and C. 
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[0047] FIG. 4 is a flow diagram of an embodiment of a method 
of controlling a feed-forward amplifier utilizing a spurious 
ratio. The first (signal-cancellation loop) is controlled by 
conventional methods as known to those skilled in the art, such 
as by power-minimization. Optimization of the second loop is 
typically more difficult with a pilot-less error-cancellation 
loop. However, the method described tends to produce the desired 
optimization without a pilot signal. in the embodiment 

previously shown in FIG. 3, three monitoring points, located at 
A, B, and C, are shown. The control system 400 (of FIG. 3) 
tends to minimize the ratios of the spurious components of the 
signals in a method including two steps: (1) the predistortion 
unit is controlled to minimize the ratio of spurious signals 
measured within the first loop at A, with respect to C; and (2) 
the error cancellation loop is controlled to minimize the ratio 
of spurious signals at B, with respect to A, as before. The 
processes could run concurrently, however this would require 
three receivers and two parallel processes. The lower-cost 
implementation could use two receivers and sequential processes 
as described above. 

[0048] The adjustment process is typically initiated by the 
amplifier control system during typical operation. At the start 
of the process 451, the ratio A/C of the spurious components is 
measured 453. Next the predistortion circuit is adjusted 455 in 
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a manner to minimize the previously measured ratio. Next the 
distortion ratio A/B is measured 457. After the measurement the 
phase and gain circuits are adjusted 459 in a manner that tends 
to reduce the distortion. The adjustment process needs to run 
5 continuously, since the amplifier response is constantly 
changing. Thus, the process loops back to the start 451. 
[0049] In the present embodiments, the strength of the 

g spurious component in the amplified output signals can be 

III 

jiij measured by a narrowband receiver connected at the output of the 
10 p feed-forward amplifier at point B. By making a measurement of 
» the same bandwidth at the output of main amplifier, at point A, 
2 a reference signal strength is provided. Finally, circuitry 

) 

% taking the ratio of the power in the two spurious components 
will then give an instantaneous measure of the cancellation 

15 achieved which is independent of input signals dynamics. 

[0050] FIG. 5 is a block diagram of a control system 400 
having a spurious ratio circuit 254. The control system shown 
includes typically constructed feed-forward amplifier control 
circuits (typically including a microprocessor) for generating 

20 control signals to optimize distortion cancellation. Also 
included in the control circuit is an embodiment of a spurious 
detection circuit. The exemplary spurious detection circuit 254 
is shown as part of the overall feed-forward control system. 
However, those skilled in the art will appreciate that the 
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spurious detection circuit may be disposed external to the 
control system. 

[0051] As will be appreciated by those skilled in the art the 
spurious detection circuit 2 54 is a pair of receiver circuits 
5 that mix down and filter a desired frequency component to a low 
frequency signal. In the embodiment shown the desired frequency 
components include IMD distortion products measured at varying 
\Z locations within the feed-forward amplifier. After down 
conversion and filtering of the signals to form low frequency 

10 m signals suitable for comparison, the signals are compared as a 

w 

ratio by a ratio detector 440 . 

h* [0052] In the embodiment shown the pair of monitor signals 

□ 

W are coupled to the control system through two input terminals 
;*- 401, 402. The input terminals 401, 402 are coupled to a first 

15 conventionally constructed mixer 410 first input, and a second 
conventionally constructed mixer, 411 first input, respectively. 
In a first embodiment monitoring points A and B are coupled to 
input terminals 401 and 402 respectively. In an alternative 
embodiment monitoring points A and C are coupled to input 

20 terminals 401 and 402 respectively. 

[0053] A conventionally constructed local oscillator provides 
frequencies that convert the distortion products that are to be 
compared, down to low frequency signals. The local oscillator is 
programmed to provide frequency outputs based on frequency 
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information provided by the signal source (2 51 of FIG. 2 and 
FIG. 3) . 

[0054] As will be appreciated by those skilled in the art, 
local oscillators are often constructed having a local 
5 oscillator control input coupled to the source of frequency 
information that directs an oscillator to tune to various 
_ frequencies in order to convert one or more signals disposed 
a about a center frequency down to a low frequency. Knowledge of 

If! 

pp the frequencies being amplified in the feed-forward amplifier 
10 p allows the frequencies of the distortion products that are 
* generated in the feed-forward amplifier to be calculated by 
|{ methods known to those skilled in the art. Once the frequencies 
.Sj of the desired distortion signals are known, a suitable local 
oscillator signal is produced, by methods known to those skilled 
15 in the art, to mix the distortion product down to a low 
frequency. 

[0055] A first output of a conventionally constructed local 
oscillator 430 is coupled to the first mixer 410 at a second 
input terminal. A second output of the conventionally 
20 constructed oscillator is coupled to a second input of the 
second mixer 411. in the mixers each of the two signals applied 
to each of the mixer's first inputs are down converted frequency 
to form two down converted monitoring signals. The local 
oscillator frequency at the first and second oscillator outputs 
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are set to down convert a desired spurious component to a 
desired low frequency signal . 

[0056] After the frequency mixing to create a pair of down 
converted signals, conventionally constructed band pass filters 
421, 422 are constructed to pass the spurious components of the 
two down converted monitoring signals. A pair of filtered down 
converted spurious signals is thus produced. The output of the 
j first mixer 410 is coupled to an input of a first band pass 
j filter 421. The output of the second mixer 411 is coupled to an 
j input of a second band pass filter 422. Then the two spurious 
t components are coupled to a ratio detector 440 at a first ratio 
.detector input and a second ratio detector input. 

J [0057] A conventionally constructed ratio detector 440 
1 compares, utilizing conventionally known circuit design 
techniques, each of the two filtered down converted spurious 
signals of the pair of filtered spurious signals. Those skilled 
in the art will realize that the ratio detector could be 
analogue circuitry, or a digital signal processor. A first 
filtered spurious signal is coupled from the output of the first 
band pass filter 421 to a first input of the ratio detector 440. 
A second filtered spurious signal is coupled from the output of 
the second band pass filter 422 to a second input of the ratio 
detector 440. 
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[0058] The output of the ratio detector 440 is processed by 
the control system 400 utilizing methods known to those skilled 
in the art, to generate a control output that is coupled to the 
second phase and gain adjusting circuit (221 of FIG. 2 or FIG. 
5 3) . The control output acts on the phase and gain circuits in a 
way that tends to optimize the error-cancellation loop, and 
hence minimize the amplifier distortion by controlling the phase 
O and gain distortion circuits to minimize the ratios between the 
j|j two spurious components. According to an alternative embodiment 

10* of the present invention, the system performance of the entire 

w 

^ amplifier can be optimized by controlling the predistortion 

M 

p circuit and the phase and gain adjusting circuit 221 to minimize 

III 

,q the ratios between the two pairs of spurious components. 

M [0059] Returning to the embodiment of FIG. 2, the two 

15 monitoring points are A and B. Thus, the error-cancellation 
loop performance can be optimized by minimizing the 
instantaneous ratios of the spurious components. The spurious 
components compared are those measured at the output of the 
entire feed-forward amplifier after the second loop, to those 

2 0 measured at the output of the main amplifier. 

[0060] Returning to the alternative embodiment of FIG. 3, the 
performance is similarly affected, the monitoring points are 
coupled to terminal A and terminal C in order to optimize the 
predistortion unit performance, and to terminal A and terminal 
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B, as previously described, to optimize settings of the error- 
cancellation loop. 

[0061] FIG. 6 is a block diagram of a second embodiment of a 
feed-forward amplifier with a spurious ratio detector, including 
5 a switch to periodically sample monitoring points At — B and C 

(point A being monitored continuously) . Where an adaptive 

predistorter 305 is included, the ratios A/C and B/A are 
9 mea sured. A first input of the spurious detector 254 is 
m directly coupled to monitoring point A, a second input of the 

10;2J spurious detector 254 is coupled to the output of a switch 501. 

u 

; s Monitoring point C is coupled to a first input of switch 501. 

M 

g Monitoring point B is coupled to a second input of switch 501. 
;|J The switch 501 switches between C and B. 

H [0062] FIG. 7 is a block diagram of a third embodiment of the 
15 feed-forward amplifier including a spurious ratio detector with 
a single receiver and a three way switch to periodically sample 
monitoring points A, B and C . This embodiment is used where the 
signal dynamics tend to be slow. It may be used in place of the 
two receiver 501, 5 02 design shown in the spurious detection 
20 circuit (254 of FIG. 5). A single receiver such as 501 or 
5S3-430, 410 and 421 of FIG. 5 is used to form receiver 503. 
Sampling is achieved by switching the single receiver 503 
between two or three of the monitor points A, B and C, and 
sequentially sampling the distortion power from each. 
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[0063] A single receiver 503 typically comprises a 
conventionally constructed mixer having a distortion signal 
coupled to a first input port, and a second input port coupled 
to an output port of a conventionally constructed local 
5 oscillator. A mixer output port is coupled to an input port of 
a conventionally constructed band pass filter. A band pass 
filter output is coupled to a conventionally constructed ratio 
M detector. 

w [0064] Conventionally constructed memory circuits are 

ij] 

10 % included in the ratio detector, for holding the measured values 
p of distortion prior to determining their ratio. As will be 

it 

j«* appreciated by those skilled in the art the memory circuits may 

be analog or digital in their construction. The local oscillator 
□ signal is tuned, by methods known to those skilled in the art, 
15 to an appropriate local oscillator frequency, depending upon 

which distortion signal is being applied to the receiver 503. 

This embodiment works only where the signal dynamics are slowly 

changing with respect to the switching rate. 

[0065] FIG. 8 is a block diagram of a ratio detector. The 
2 0 band-pass filtered intermediate low- frequency outputs from the 
receiver 501, 502 are coupled to power detectors, 801 and 802, 
which measure their levels. A ratio-generation circuit 803 then 
produces an output proportional to the ratio of these two 
voltages. Those skilled in the art will realize that a DSP 
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including further signal processing, typically including further 
signal filtering as well as ratio detection and a control 
process may be utilized to generate the control outputs. 
[0066] FIG. 9 is a block diagram of a first programmable 
5 phase and gain adjusting circuit 220. In the embodiment shown a 
conventionally constructed programmable phase adjuster 901 is 
coupled to a conventionally constructed programmable attenuator 
P 903 to adjust signal strength and phase. The circuits utilize 
fit conventional interface circuitry to achieve programmability via 

m 

10Jf standard digital control techniques. The circuits accept 

commands transmitted over a conventionally constructed control 

f ft% bus 905. In alternative embodiments conventional analog control 

ill 

i|| is utilized. Alternatively, as will be appreciated by those 
H» skilled in the art, digital control circuitry may be utilized. 

15 [0067] FIG. 10 is a block diagram of a second programmable 
phase and gain adjusting circuit. In the embodiment shown a 
conventionally constructed programmable phase adjuster 901 is 
coupled to a conventionally constructed programmable gain 
amplifier 907 to adjust gain and phase. The circuits 

2 0 incorporate conventional interface circuitry to achieve 
programmability via standard digital control techniques. The 
circuits accept commands transmitted over a conventionally 
constructed control bus 905. In alternative embodiments 
conventional analog control is utilized. Alternatively, as will 
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be appreciated by those skilled in the art, digital control 



circuitry may be utilized. 



[0068] The foregoing description has been limited to a 



specific embodiment of this invention as utilized in conjunction 



5 with a feed-forward amplifier. It will be apparent, however, 



that variations and modifications may be made to the invention, 



with the attainment of some or all of the advantages of the 



J** invention. For example the invention may be equivalently 
O practiced in any feed-forward amplifier implementation which 



10JII monitors the cancellation in the second loop of the feed-forward 
j«J amplifier. The circuit is broadly applicable to a class of 
?\ amplifiers known as cross-cancellation amplifiers. Therefore, 

a . 

;S| it is the object of the appended claims to cover all such 
q variations and modifications as come within the true spirit and 
15 scope of the invention. 
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